Abstract Two-dimensional, non-linear, Boussinesq, non-hydrostatic simulations of internal solitary waves breaking and running up uniform slopes have been performed using an adaptive, finite volume fluid code "Gerris". It is demonstrated that the Gerris dynamical core performs well in this specific but important geophysical context. The "semi-structured" nature of Gerris is exploited to enhance model resolution along the slope where wave breaking and run-up occur. Comparison with laboratory experiments reveals that the generation of single and multiple turbulent surges ("boluses") as a function of slope angle is consistently reproduced by the model, comparable with observations and previous numerical simulations, suggesting aspects of the dynamical energy transfers are being represented by the model in two dimensions. Adaptivity is used to explore model convergence of the wave breaking dynamics, and it is shown that significant cpu memory and time savings are possible with adaptivity.
Introduction

1
Breaking internal solitary waves (ISWs) are considered to be important con-2 tributors to the energy required for mixing in the coastal zone (see, e.g., the is noted that the general nature and predictability of ISWs remain largely 7 unquantified. Furthermore, parameterisation of such energetic overturning for 8 large scale models is hampered without detailed process scale modelling allied 9 to field work. To that end this paper considers how high resolution modelling 10 of such processes might be efficiently obtained using adaptive simulation tech-11 niques.
12
In a previous paper (Popinet and Rickard, 2007) an extension of an existing 13 adaptive fluid code "Gerris" (Popinet, 2003 and 2006) for use with geophysical suggested by Berntsen et al (2006) . In this paper adaptivity operates in both where, consider the impact of a sidewall friction that they are able to use in their 89 laterally-averaged model. To that end our runs are purely two dimensional
90
(i.e., the "free-slip side walls" as described by ).
91
2.1 Model "standard run"
92
To be able to explore the parameter space observed by Helfrich (1992) and 
99
For reference, a "standard run" will use constant viscosity and diffusivity 100 values of 1.0 × 10 −6 m 2 s −1 , and will not use adaptivity. Spatially, most of the 101 domain will be covered with a level of resolution of 7, i.e., the grid spacing 102 4 (the same in the x and z directions) will be "H" the depth of the fluid (see drawn down behind the wave appears more restricted.
159
The final reduction in the diffusivity and viscosity coefficients gives the con- shows that the model is still responding to changes in the coefficients, rather whenever all the coarsening criteria are met.
189
An example is shown in Fig. 4 . Standard run density contours at time 7.5 s
190
into the run are shown in Fig. 4(a) . An adaptive run that is initialised exactly
191
as for the standard run, but is allowed to adapt up to a maximum level of of levels chosen for this solution range from 7 (the coarsest) to 12 (the finest).
209
The dynamically evolving resolution is determined by the refinement criteria, to the domain volume. As Fig. 5 shows, the high resolution region is mainly 256 confined to the wave breaking zone.
257
Without an analytic solution, model consistency is checked using convergence. time.
279
In summary, these model tests show that;
280
(1) the implicit viscosity and diffusivity of the numerical discretisation is 
304
In this section, model results from the experiments listed in Tables 1 and 2 305 are described. The intention is to compare Gerris to the laboratory experi- This is not to imply that the model pycnocline is not "dynamic". Indeed, as the 333 slope is reduced and the number of boluses increases, a complex structure of vortices and density develops from which each bolus emerges (not shown 
Bolus Identification
347
Using model experiment 2 in Table 1 as an example, Figure 6 shows a snapshot but by tracking backwards from where they emerge identification can be made.
394
These techniques have been used to compile the bolus statistics for the model 395 experiments in this paper. 
438
It is also clear that the bolus three cell structure changes as it moves upslope.
439
It would seem that the cell at the front of the bolus shrinks (most evidently in 440 density), and that the left-most vortex seems to extend over the middle vortex 441 such that at the later times the typical cap structure in vorticity is obtained. The bolus properties examined by Helfrich (1992) in his experiments for a parameter space dependent on the initial densities, pycnocline depths, and slope angle, can be diagnosed from Gerris to provide for a more quantitative evaluation of the model. While particular experiments of Helfrich (1992) are not modelled directly, the observational space in terms of the parameter λ will be explored, where
where L, d + , and d − are defined in Fig. 1 , and a 0 is the maximum displacement we have focussed on specific experiments labelled e-i in Table 2 
where E 0 and E R (as defined by equations 7 and 8 in Bourgault and Kelley 
where a least squares fit returns ξ 0 = 0.78 ± 0.02.
511
The results from the Gerris experiments are summarised in Figure 14 showing 512 R as a function of ξ. In terms of Gerris as a geophysical tool, it is encouraging that Gerris performs 601 well in comparison to other non-hydrostatic geophysical models such as that of With isotropic adaptivity, there will be no vertical stacked layers in general. upwind scheme (Bell et al 1989 , Popinet 2003 ). This scheme is stable for cfl 657 numbers smaller than one.
658
A.2 Spatial discretisation
659
Space is discretised using a graded quadtree partitioning (octree in three di-660 mensions). Second order accuracy is maintained in spatial operators, including 661 all boundaries. We refer the reader to Popinet (2003) and references therein 662 for a more detailed presentation of this data structure. quad/octree).
708
One of the advantages of the quad/octree disctretisation is that mesh refine- Table 1 ). Four boluses are shown moving upslope, the 833 first identified with crosses, the second squares, the third and fourth trian- other details for frames (a)-(d) are the same as in the caption for Fig. 8 .
849
Bold lines on frame (b) indicate bolus height and length.
850
(10) Breaking location (criterion) as a function of λ. Characters identify indi-
851
vidual experiments 1 to 4 and a to i in Tables 1 and 2 . Table 2 . Table 3 Experimental data for five selected experiment numbers from Michallet and Ivey (1999) . Variation in experimental Iribaren number ξ is based on range of internal wave amplitudes a 0 , and a 5% error estimate in L w by Michallet and Ivey (1999).
Expt a 0 (cm) L w (cm) ξ As the boundary set here by the slope (the solid line) is approached, the resolution is increased by halving the grid size until the maximum resolution (here level 9) is reached. Gerris is finite volume, and accounts for cell changes in volume where cut by the boundary in order to return the correct boundary fluxes. Table 1 ). Four boluses are shown moving upslope, the first identified with crosses, the second squares, the third and fourth triangles and diamonds, respectively. Horizontal dashed line locates horizontal position of undisturbed pycnocline-slope intersection. Table 1 . Velocity vectors scaled proportional to the maximum speed in each frame, and the contour interval for vorticity is 5.0s −1 . All other details for frames Table 2 .
